Variants in KMT2A, encoding the histone methyltransferase KMT2A, are a growing cause of intellectual disability (ID). Up to now, the majority of KMT2A variants are non-sense and frameshift variants causing a typical form of Wiedemann-Steiner syndrome. We studied KMT2A gene in a cohort of 200 patients with unexplained syndromic and non-syndromic ID and identified four novel variants, one splice and three missense variants, possibly deleterious. We used primary cells from the patients and molecular approaches to determine the deleterious effects of those variants on KMT2A expression and function. For the putative splice variant c.11322-1G>A, we showed that it led to only one nucleotide deletion and loss of the Cterminal part of the protein. For two studied KMT2A missense variants, c.3460C>T (p. (Arg1154Trp)) and c.8558T>G (p. (Met2853Arg) ), located at the cysteine-rich CXXC domain and the transactivation domain of the protein, respectively, we found altered KMT2A target genes expression in patient's fibroblasts compared to controls. Furthermore, we found a disturbed subcellular distribution of KMT2A for the c.3460C>T mutant. Taken together, our results demonstrated the deleterious impact of the splice variant and of the missense variants located at two different functional domains and suggested reduction of KMT2A function as the disease-causing mechanism.
Introduction
Intellectual disability (ID) is a common clinically and genetically heterogeneous disorder characterized by limitations in intellectual functioning and adaptive behavior [1] . ID affects 1-3% of the population, but the pathophysiological background remains poorly understood [2] . Highthroughput sequencing studies performed in ID patients enabled identification of variants in numerous genes, including several chromatin-regulating factors [3] [4] [5] . Chromatin consists of the DNA helix spooled around octamers of histones H2A, H2B, H3, and H4. Histones are subject to a plethora of post-translational modifications, which are able to influence a variety of nuclear processes [6] . Variants in genes encoding histone methyltransferases, such as MLL (MLL-1 or KMT2A), MLL2 (KMT2D) and SETD5, and in genes encoding histone demethylases, such as KDM6A, PHF8 (KDM7B) and KDM5C, have been identified in ID patients, suggesting that disruption of histone methylation dynamics may contribute to the disease development [7] [8] [9] [10] [11] [12] .
KMT2A, a histone methyltransferase of the lysine 4 from the histone 3 (H3K4) regulates chromatin-mediated transcription of multiple genes including the Hox and Wnt family factors [13, 14] . KMT2A is a 3972 aminoacids (aa) (NP_001184033.1), multidomain protein comprising three DNA-binding AT-hooks at the N terminus, a cysteine-rich CXXC domain, a plant homeodomain (PHD) finger motif, a bromodomain, a transactivation (TAD) domain, a FYRN domain, a WDR5 interaction (Win) motif, and a C-terminal SET domain (Fig. 1a) . The SET domain is involved in the histone monomethylation, dimethylation, or trimethylation activity of the protein [13, 14] . KMT2A is cleaved at two independent sites (CS1, aa 2669-2670 and CS2, aa 2721-2722), and the resulting C-terminal and N-terminal fragments form a stable complex that localized to a subnuclear compartment [15] .
In 2012, Jones and colleagues identified de novo heterozygous KMT2A variants in five of six individuals with hypertrichosis cubiti associated with short stature, ID, and a distinctive facial appearance, consistent with a diagnosis of Wiedemann-Steiner syndrome (WSS) [7] . In these five patients the KMT2A variants were predicted to result in premature termination of translation and to a nonsensemediated decay (NMD) of the corresponding transcripts [7] . Since this first description additional WSS patients, including a pair of monozygotic twins, have been reported, especially by using exome analysis approaches, bringing to more than 25 the total number of patients carrying KMT2A variants leading to a premature stop codon [7, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . KMT2A missense variants have been reported in five patients with WSS, one of them having a severe form of the disease and congenital immunodeficiency [16] . While the pathophysiological mechanism of the non-sense variants is haploinsufficiency, the mechanism for missense variants is unknown.
Here, we studied KMT2A gene in a cohort of 200 patients with unexplained syndromic and non-syndromic ID and identified 42 KMT2A variants in 41 patients. We selected the four novel possibly deleterious KTM2A variants, that occurred de novo and were absent from variant databases, to investigate the cellular and the molecular consequences in patients' skin fibroblasts. 
Cell culture and fibroblast synchronization
Fibroblasts were cultured at 37°C in 5% CO 2 in DMEM glutaMax (1 g/L glucose, pyruvate+; ThermoFisher Scientific, Waltham, Massachusetts, USA) supplemented with 10% (v/v) fetal bovine serum (ThermoFisher Scientific), 100 U/mL penicillin, 10 µg/mL streptomycin (ThermoFisher Scientific) and 10 µg/mL ciprofloxacine (Sigma, Saint Louis, Missouri, USA). For COS7 cell and human embryonic kidney (HEK) 293 cell amplification, DMEM glutaMax (1 g/L glucose, pyruvate+) was substituted by DMEM glutaMax high glucose (4.5 g/L glucose, pyruvate−; ThermoFisher Scientific). At cell confluence, cells were cultured with media supplemented with 50% fetal bovine serum for 2 h followed by 22 h with normal media (supplemented with antibiotics) culture condition. Then, the cells were trypsinized, washed in PBS, splited and kept at −80°C for future RNA and protein extractions.
Antibodies
Rabbit monoclonal KMT2A antibody (clone D6G8N, #14197, Cell Signaling, Danvers, MA, USA) was used for immunofluorescence and western blotting. This antibody recognizes an antigenic motif located at the Cterminal p180 (C180) KMT2A fragment localized before SET domain (manufacturer information). Polyclonal anti-H3K4Me3 (Cell Signaling, #9727) and monoclonal anti-SC35 (Sigma, S4045) were used for immunofluorescence, while monoclonal anti-GAPDH (ThermoFisher Scientific clone 6C5, AM4300) was used for western blotting.
Western blotting
Whole cell lysates were made using RIPA like buffer supplemented with PMSF (Cell Signaling, Danvers, USA) and 1X protease and phosphatase inhibitor cocktail (Roche, Meylan, France). The quantity of protein was evaluated by Bradford method (Bio-Rad protein assay 500-0006, Hercules, CA, USA). Lysates were added with Laemmli sample buffer followed by heat denaturation before run on 4-15% (Bio-Rad, #4561084) or 4% SDS-PAGE. Gels (Bio-Rad mini-protean 3) were transferred to nitrocellulose membranes (GE Healthcare Life Sciences). Membranes were blocked (1 h), incubated overnight with primary antibody, washed and incubated (45 min) with HRP-conjugated secondary antibodies (Santa Cruz, Dallas, Texas, USA), all in 0.05% Tween/PBS with 5% non-fat dry milk or 5% BSA (Sigma). HRP-conjugated antibodies were detected with ECL western blotting detection reagents (Thermo Scientific) according to the manufacturer's instructions.
qRT-PCR
Total RNA was isolated using RNeasy reagent (Qiagen, Hilden, Germany) with a DNase step, according to the manufacturer's instructions. Total RNA was retrotranscribed with Maxima reverse transcriptase (Thermo Scientific). Real-time PCR were performed using Sybergreen kit and Roche system. Relative expression was calculated using the ΔΔCt method and normalized to the GAPDH gene. HOXA9, MEIS1, SIX2, CDKN2C, KMT2A and CDKN1B primer sequences are available on request.
Plasmid and transfection
We used KMT2A (NM_005933) Human ORF Clone (Origene, Rockville, USA) (pCMV6-AC-GFP backbone) for generate c.3460C>T (p.(Arg1154Trp)) and c.8558T>G (p.(Met2853Arg)) mutant using QuikChange II XL SiteDirected Mutagenesis Kit (Agilent, Les Ulis, France) and subcloning approaches. To prepare an enzyme-inactive KMT2A, the coding sequence of SET domain was deleted from the entire coding sequence of KMT2A (KMT2A-ΔSET; p.Lys3775Serfs*32). We used lipofectamine 2000 (ThermoFisher Scientific) to transfect COS7 or HEK 293 cells (24-well plates 50×10 3 cells/well) with 500 ng of WT or mutants KMT2A constructs according to the manufacturer's instructions.
Immunofluorescence
Human fibroblasts or COS7 cells 48 h post transfection were fixed with 4% paraformaldehyde for 15 min, and then with 100% ice-cold methanol for 10 min. Cells were permeabilized and blocked with PBS supplemented with 0.1% triton X-100 and 0.2% normal goat serum (Dako, Les Ulis, France) (1 h). Coverslips were incubated overnight at 4°C with the appropriate primary antibodies, washed and incubated with the corresponding secondary antibodies for 45 min at room temperature. Cy3-conjugated donkey-antirabbit, Cy3-conjugated donkey-anti-mouse, and FITCconjugated goat-anti-mouse secondary antibodies (Jackson ImmunoResearch, Suffolk, UK) were used at 1:300. Coverslips were then washed, mounted with Fluoromount-G (eBioscience, Paris, France) containing DAPI (Sigma) and analyzed by a fluorescence microscopy (LEICA DM6000 B) using a ×63 objective.
Results

Study of the KMT2A gene in a cohort of 200 ID patients
Using next-generation sequencing, we studied KMT2A (NM_001197104) in a cohort of 200 patients with unexplained syndromic and non-syndromic ID and identified 42 KMT2A heterozygous variants (among which 31 different) in 41 unrelated patients (one patient carrying two variants) (Table S1 ). Thirty were missense variants and one was a splice variant. Thirteen variants (12 missense and one splice) were absent in the ExAC database. Among the 12 missense variants, five variants were conserved across species from Xenopus to Human. Three of them were located in functional domains of KMT2A: The c.3460C>T (p.(Arg1154Trp)) and c.3581G>A (p.(Cys1194Tyr)) variants were located at the cysteine-rich CXXC domain and the c.8558T>G (p.(Met2853Arg)) variant at the TAD domain of KMT2A (Fig. 1a) . De novo occurrence was observed in the three patients carrying these latter missense variants and in the individual carrying the putative splice variant c.11322-1G>A (Fig. 1b) .
Phenotype of ID patients carrying a de novo KMT2A variant
The phenotypic traits of four new independent patients (one female and three males), each carrying a de novo KMT2A variant are listed in the supplementary data on line (Table S2 ). Distinctive facial features consisted of flat face, short palpebral fissures, hypertelorism or epicantus, low-set ears, wide nasal bridge, thin upper lip, and everted lower lip were present in all patients. We also noted thick eyebrows or synophrys (3/4), strabismus (3/4), long eyelashes (2/3), bulbous nose (2/3), and narrow external auditory canals (2/ 4) (Fig. 2) . Oligodontia was present in one patient. Hands and feeds were small in three patients but largest and swollen in the last one. Clinodactyly was observed in three patients and 2-3 toe syndactyly in two. Ocular features were hyperopia (2/4) and myopia (1/4). Hypertrichosis was present in all patients.
Digestive features consisted with feeding difficulties and gastro-esophageal reflux were observed in three patients. Uro-genital abnormalities were unilateral cryptorchidism, scrotal hypoplasia, and sacrococcygeal lipoma with neurogenic bladder. Congenital heart defect was present in one patient. Skeletal abnormalities consisted of atlas occipital, C2-C3 fusion, and basilar impression.
All patients had hypotonia and mild to severe developmental delays. Two patients had severe language impairment and one had orofacial dyspraxia. A patient did not walk at 4 years of age and two others had learned to walk between 19 and 30 months of age. Stereotypies and sleep disturbances were noted in three patients. Hyperventilation and generalized seizures were observed in one patient. Two patients present with Chiari type I malformation visible in cerebral magnetic resonance imaging. Interestingly, the patient carrying the c.8558T>G (p.(Met2853Arg)) had a less severe phenotype with normal growth development, no gross retardation, malformation and seizures, mild morphological features, slight hypertrichosis, and mild developmental delay with walking at 19 months (Table S2) .
KMT2A mRNA and protein expression in patients' fibroblasts
To determine the consequences of KMT2A variants on gene and protein expressions we compared the mRNA and the protein levels in fibroblasts from the three patients, bearing either the c.3460C>T (p. (Arg1154Trp) ) variant, the c.8558T>G (p.(Met2853Arg)) variant and the intronic variant c.11322-1G>A to four controls(one female and three males) (Fig. 3) . Fibroblasts from the patient carrying the c.3581G>A ((p.Cys1194Tyr)) were not available.
We used quantitative reverse transcriptase PCR(RT-PCR) to measure KMT2A levels in the mRNA products (Fig. 3b) . The KMT2A mRNA level from the patient carrying the c.8558T>G (p.(Met2853Arg)) variant was not different compared to the controls. In contrast, the KMT2A mRNA level from the patient carrying the c.3460C>T (p. (Arg1154Trp)) variant was significantly increased tõ 100% compared to the controls. Met2853Arg) ), c.11322-1G>A). GAPDH was used as loading control. Densitometry of western blotting was performed using Image J software. Data in arbitrary units (a.u.) represent the mean ± SEM of four separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001 between control and KMT2A mutated fibroblasts. d Concerning the patient bearing the potential splice variant, RT-PCR using primers in exon 32 and 35 on cDNA from the patient and controls only showed one distinct band. Sequencing of the RT products showed two transcripts, the wild-type transcript and the mutated transcript with a deletion of the first nucleotide G of exon 33. This variant results in a premature stop-codon and is predicted to produce a truncated protein deleted of its C-terminal SET domain (p.Lys3775Serfs*32). This data suggests a change in the acceptor site of intron 32 which uses the mutated nucleotide A and the first G of the exon 33 to reconstitute the acceptor site
To assess the extent to which the observed increase in KMT2A mRNA levels affected the amount of protein, we quantified by western blotting KMT2A protein in fibroblasts from the patients carrying the c.3460C>T (p. (Arg1154Trp)) and the c.8558T>G (p.(Met2853Arg)) variants and from the controls. These variants, involving a single amino acid substitution, were predicted to give rise to full-length KMT2A protein. Using an antibody raised against the C-terminus of protein we detected KMT2A at the expected molecular weight of 180 kDa and at the similar level than in controls (Fig. 3c) .
To investigate the molecular consequences of the intronic variant which disrupts the 3' splice acceptor site c.11322-1G>A (NG_027813.1), we explored the mRNA splicing processing in fibroblasts obtained from the patient. Electrophoresis of the RT-PCR product spanning exon 32 to exon 35 detected a single band at the same molecular weight than the control (data not shown). Sequencing of the RT-PCR products harboring the c.11322-1G>A variant revealed the deletion of the first nucleotide of exon33 (c.11322delG) leading to a frameshift p.(Lys3775Serfs*32) (Fig. 3a-d) . Quantitative RT-PCR showed a slightly (~15%) reduced level of KMT2A mRNA in this patient compared to controls (Fig. 3b) . This data suggested a partial degradation of the KMT2A mRNA carrying the c.11322delG variant by the NMD mechanisms.
To test whether the KMT2A protein carrying the frameshift variant p.(Lys3775Serfs*32) was expressed, we performed western-blot using an antibody raised to the Cterminal part before the truncation. No truncated KMT2A protein (expected size~166 kDa) was detected by western blotting ( Fig. 3c; Fig. 4S ) and we observed~50% reduction of KMT2A expression in patient's fibroblasts compared to controls (Fig. 3c) .
KMT2A mutants have a nuclear expression
To determine the subcellular localization of the endogenous KMT2A protein, we performed immunofluorescent staining in human fibroblasts. In control fibroblasts we detected the KMT2A protein in the nucleus with no significant staining in the cytoplasm. The protein was excluded from the nucleolus and revealed a pattern of small speckles uniformly distributed in the nucleoplasm (Fig. 1S) . Similar pattern was previously observed in COS, HeLa and SV80 cells [27] . In patient's fibroblasts, the pattern was similar than in controls and consisted of small dots (Fig. 1S) . The protein was present within both the nucleoli and the nucleoplasm and occasionally at the nucleus periphery. In both cases, missense and splice variants did not affect the endogenous sub-localization of KMT2A. Moreover, the H3K4me3 epigenetic mark and the SC35 protein, an exclusively nuclear splicing factor mark did not show a significant change in their subcellular distribution in patient's fibroblasts (Fig. 2S) .
Overexpression of wild-type and mutated KMT2A in COS7 cells
Taking into account the low expression of KMT2A in fibroblasts (http://www.proteinatlas.org/ENSG00000118058-KMT2A/tissue/skin) and the likely low sensitivity of immunofluorescence in these cells, we generated KMT2A expression constructs encoding the c.3460C>T (p. (Arg1154Trp) ) and the c.8558T>G (p. (Met2853Arg) ) KMT2A missense variants to study the impact of KMT2A variant overexpression. Overexpression of WT and mutants constructs in COS7 cells followed by anti-KMT2A immunofluorescent staining revealed a nuclear punctuate pattern for all constructs. This pattern, consisted of small dots and bigger patches, appeared in the transfected COS7 cells less uniform than the endogenous KMT2A spreading observed in human fibroblasts. No co-localization between KMT2A and SC35 was noted in these transfected cells (Fig. 3S) . However, in the COS7 cells transfected with the c.3460C>T (p.(Arg1154Trp)) construct (which is located in the CXXC-type zinc finger domain), the nuclear spreading was significantly more homogenous than in the cell transfected with the c.8558T>G (p.(Met2853Arg)) (that is located in the TAD domain) and the WT constructs (Fig. 4) .
HOXA9, SIX2, and MEIS1 expression are modulated by KMT2A variants KMT2A has been shown to associate with transcriptionally active genes. In mouse embryonic fibroblasts (MEFs), ∼3% of genes require KMT2A's methyltransferase activity for their expression. Among these genes, an abundance of transcriptional regulators, cellular signaling pathways, and signal transduction components that play key roles in regulating developmental processes was identified [28] . Those target genes included members of the clustered HOX genes, such as HOXA9, HOX coregulators, such as MEIS1, SIX2, and the cyclin-dependent kinase inhibitors CDKN2C and CDKN1B [29] [30] [31] . We analyzed the effect of the c.3460C>T (p. (Arg1154Trp) ), the c.8558T>G (p. (Met2853Arg) ) and the splice site c.11322-1G>A KMT2A variants on the mRNA expression level of five KMT2A known target genes (HOXA9, MEIS1, SIX2, CDKN2C and CDKN1B) in patient's fibroblasts using real-time RT-PCR (Fig. 5) . Mutated fibroblasts showed a significant down-regulation of SIX2 and MEIS1 expressions, an overexpression of HOXA9, but no change in both CDKN2C and CDKN1B expressions (Fig. 5) .
Discussion
The WSS (OMIM 605130) is a rare severe autosomal dominant ID with no independent living, characterized by hypertrichosis cubiti, short stature, ID, and distinctive facial features (long eyeslashes, thick eyebrows, down slanted and vertically narrowed palpebral fissures, wide nasal bridge, and broad nasal tip) [24, 32] . Since the involvement of KMT2A in WSS, more than 25 different KMT2A variants have been reported. The majority of the identified variants were predicted to cause premature termination of the protein product, leading to severe reduction of protein or to a mature protein product, lacking the SET domain and thus, losing the histone-methyltransferase activity. Major role of KMT2A in neural progenitor proliferation, neuronal and glial differentiation and synaptic plasticity has been shown by data obtained in knock-out mice and zebrafish embryos [33, 34] . Until today, only five missense variants located in the N-terminal region between the two AT hooks, in the CXXC zinc finger domains and the PHD domains, [17, 20, 23, 24] . However, no functional tests were performed to assess the deleterious impact of these missense variants.
Here, we studied the KMT2A gene within a large cohort of patients with undiagnosed ID. We identified four novel de novo variants, three missense variants and one putative splice site variant. Since typical WSS were not included in this study, we do not identify KMT2A non-sense and frameshift variants. To assess the deleterious character of the newly identified KMT2A variants we studied the molecular and the cellular issues using patient's fibroblasts.
The c.3460C>T (p. (Arg1154Trp) ) and c.8558T>G (p. (Cys1194Tyr)) variants are located in the CXXC domain of KMT2A. This domain selectively binds to target genes containing unmethylated-CpG stretches. This is essential for target gene recognition, TAD and myeloid transformation in KMT2A fusion proteins. It could play a role in targeting KMT2A to active genes. This structure presents a positively charged surface groove containing a number of essential residues for the DNA binding capacity of KMT2A to CpGs [32] . Previous experiments using chemical shift perturbation analysis, cross-saturation transfer, and site-directed mutagenesis, have shown significant decrease of DNA binding by the mutant p.(Arg1154Ala) [35] . In our study, KMT2A transcript was found to be overexpressed in the patient bearing the c.3460C>T (p.(Arg1154Trp) variant. One hypothesis is that KMT2A protein may contribute to expression regulation via a possible autoregulatory mechanisms [36] . However, we cannot exclude the contribution of the genetic background of this individual. We also observed a significant reduction of SIX2 and MEIS1 expression in fibroblasts from the patient bearing the c.3460C>T (p.(Arg1154Trp)) variant, consistent with impaired DNA binding. This amino acid change reduces the surface of the groove positively charged and affects the subnuclear localization of the overexpressed mutated protein. Surprisingly, HOXA9 is up-regulated, as previously observed by the MLL-1 fusion protein [29] . Auto-regulated expression of HOXA9 may likely explain this result [37] .
The de novo missense c.8558T>G (p.(Met2853Trp)) variant is located in the TAD KMT2A domain (aa2850-2858) of KMT2A. This domain appears to be important for KMT2A-mediated transcriptional activation [13] . We showed that this c.8558T>G (p.(Met2853Trp)) mutant did not affect the level of the KMT2A transcript or the subcellular localization of the protein. However, it significantly affects SIX2 and MEIS1 mRNA expression in mutant fibroblasts, confirming the role of this TAD domain for transcriptional activation. Although we observed a reduction in expression of KMT2A-mutated fibroblasts, we cannot exclude a different effect in brain. Interestingly enough, the tested missense mutants did not affect CDKN2C and CDKN1B mRNA expression in human fibroblasts, previously found to be deregulated in Mll knockout mouse embryonic fibroblasts [31] . KMT2A may not regulate the expression of the same set of genes between human and rodents. Alternatively, the relative importance of the targets depends on the species and the stage of development, since fibroblasts were isolated from either mice embryo or from human adult skin biopsies.
Finally, the c.11322-1G>A de novo variant was a putative splice site variant, which disrupted the 3′ splice acceptor site of intron 32. However, sequencing of the cDNA showed a mutated transcript with a deletion of the first nucleotide G of exon 33. This data suggests a change in the acceptor site of intron 32, which uses the mutated nucleotide A and the first G of the exon 33, to reconstitute a functional acceptor site (Fig. 3d) . This variant results in a premature stop-codon. It leads to a slight reduction in the level of total KMT2A mRNA in fibroblasts, suggesting that the mutated transcript is not totally degraded through NMD mechanism and may produce a truncated protein. However, we did not detect any truncated protein in patient's fibroblasts (Fig. 4S) . Reduction of KMT2A expression in fibroblasts bearing this splice variant, suggests that the mutated protein is likely degraded during its maturation [38] .
Our four patients bearing a de novo KMT2A variant, share several of the features of KMT2A-associated WSS, including mild to moderate developmental delay, severe to profound ID, distinctive facial features (such as narrow palpebral fissures) and hypertrichosis [7] . The most severe phenotype was observed in the patients bearing the c.3460C>T (p. (Arg1154Trp) ) and c.3581G>A (p. Relative expression Met2853Arg) ), c.11322-1G>A).**p < 0.001, ***p < 0.0005 between control and KMT2A mutated fibroblasts (Cys1194Tyr)) missense variants located to the CXXC domain. Interestingly, all patients carrying a missense variant in the CXXC domain, presented a more severe phenotype (profound ID, feeding difficulties, short stature) compared to patients with a missense variant in other domains or a splice variant (Table 3S) . Missense mutated KMT2A proteins with reduced DNA-binding capacity appear to be more deleterious than the complete loss of KMT2A activity by other mechanisms. KMT2A mislocalization observed in the CXXC missense variant may induce a dominant negative effect by either altering the interactions with nuclear proteins or affecting the wild-type protein in heterozygous patients. Furthermore, seizures an unfrequented sign in WSS was observed in the patient carrying the c.3460C>T (p.(Arg1154Trp)) variant and in only three previously reported individuals (1/3 carrying a CXXC variant and 2/24 carrying another KMT2A variant) [16, 21, 25] . This patient presented also with cardiac abnormalities as previously observed in five WSS patients and abnormal dentition [7, [18] [19] [20] . Previous reports showed abnormal dentitions including hypodontia in five WSS patients (2/3 carrying a CXXC variant and 3/24 carrying another KMT2A variant) [19] [20] [21] [22] [23] . In contrast, the mildest phenotype is associated with the c.8558T>G (p. (Met2853Arg)) variant. This patient presented severe ID, slight hypertrichosis, mild developmental delay with walking at 19 months, and orofacial dyspraxia. Finally, although short stature was considered as an invariant feature of WSS, one of our patients carrying the splice site variant, presented normal height and weight at the age of 10.
In this study, we showed that both variants located at the CXXC domain or the TAD domain affect the expression of some KMT2A target genes, such as HOXA9, SIX2, and MEIS1, but with different pathophysiological mechanisms (Table 4S ). In the case of CXXC domain variants the DNAbinding capacities are likely reduced and the subcellular distribution of the nuclear KMT2A proteins is altered, whereas the variant in the TAD domain does not disrupt the nuclear localization, but the "transactivation" activity. Finally, the c.11322-1G>A splice variant affects slightly the KMT2A mRNA expression but significantly HOXA9, SIX2, and MEIS1 expression. This variant may produce a truncated protein rapidly and severely degraded during its maturation. As previously suggested by the identification of truncating variants, our data concerning missense variants in functional domains, confirm that loss of function is the disease-causing mechanism of KMT2A-related disorders.
In conclusion, we firstly demonstrated that the splice site variant results in a frameshift variant, leading to an instable C-terminally truncated protein. Secondly, we showed that the missense variant located in the CXXC domain, affects the subcellular distribution of the nuclear protein. Finally, we observed that all de novo variants affect transcription of several MLL-1 target genes.
